The reliability of welded structure can be evaluated through welding residual stress analysis and fatigue strength assessment. In this study, welding residual stresses of multi-pass dissimilar material welded joint between alloy 617 and 12Cr steel were analyzed numerically and experimentally. Fatigue strength was then assessed in the air. Based on results of welding residual stress analysis and fatigue strength assessment, a fatigue design method considering welding residual stress was investigated. Welding residual stresses at the weld of dissimilar welded joints distributed complicatedly on longitudinal and transverse directions, showing differences but a very similar distribution tendency between numerical and experimental results. Numerical and experimental peak values of welding residual stresses at HAZ of the weld on the 12Cr steel side were predicted to be 333 MPa and 282 MPa HAZ, respectively. The fatigue limit of dissimilar material welded joint between alloy 617 and 12Cr steel was assessed to be 306.8 MPa, which was 40% of tensile strength (767 MPa) of dissimilar material welded joint. However, the stress range including welding residual stress was assessed to be 206.9 MPa, which was 14% lower than that calculated by including the effect of residual stresses.
Introduction
It is well-known that the most effective methodology for green power plant systems is to increase the generative efficiency of steam power plants [1] . The core technology for increasing the generative efficiency is to improve the performance of steam turbines. A basic method for improving the performance of thermal power plants is to elevate steam temperature [2] . Therefore, it is necessary to develop suitable materials for extreme environment of power plants. So far, Ni alloys have been candidates as available materials for high temperature steam power plants due to their incredible mechanical properties [3, 4] . However, in order to apply Ni alloys (alloy 617 in this paper) to steam turbine materials such as turbine rotor and blades, it is necessary to do dissimilar material welding with the 12Cr steel alloy that is currently used as material for turbine rotor and blades. However, since Inconel alloy 617 and 12Cr steel alloy have different chemical compositions and mechanical properties, reliable welding technology needs to be developed to manufacture hybrid structures that can withstand extreme environmental conditions [4, 5] . There are many suitable processes for the joining of dissimilar material as comprehensively summarized by Martinsen et al. [6] . These dissimilar material welded structures often experience variable loadings, ranging from cyclic to completely random fluctuation during their practical working. Therefore, engineering designers should sufficiently understand the welding metallurgical phenomena, as well as the mechanical properties of the weld, including the mechanism of welding residual stresses generated during the welding process. In particular, as the generation of welding residual stresses is formidable, as well as being the crack driving force of the welded structures, it is very important to understand and assess welding residual stresses in the design process of welded structures. Basically, as welding residual stresses are generated due to repetitive nonlinear thermal loading cycles by the welding heat input, assessing the distribution of these stresses may be too complex to be predicted accurately [7, 8] . Residual stresses have a substantial effect on engineering properties of material and welded structures, particularly fatigue strength, corrosion resistance, dimensional stability, and distortion [9] . Many researchers have practiced various methods to measure residual stresses using experimental and numerical methods [10] [11] [12] . In recent years, as high computational power is available, many researchers have acknowledged the reliability of using the finite element method for this purpose [13, 14] .
In the present study, the hole-drilling method and the finite element method were used to measure welding residual stresses.
Fatigue is considered the most common cause of failure in welded structures [15] . Dissimilar material welded joints are very sensitive to fatigue stress [16] . Therefore, fatigue testing with varying limits of high stresses can provide very useful information to assess the quality of welded joints [15] . Bae et al. have proposed a σ a-r stress range including welding residual stresses by using a modified Goodman equation [17] . Their results showed that fatigue strength, including welding residual stresses, was lower than fatigue strength without considering residual stresses. The objective of the present study was to analyze the welding residual stresses of the multi-pass dissimilar material welded joint between alloy 617 and 12Cr steel, numerically and experimentally. Fatigue strength was then assessed in the air.
Materials and Methods
Materials used for dissimilar material welding included alloy 617 and 12Cr steel alloy. Alloy 617 has good resistance against high temperature and corrosion as it consists of Cr, Mo, and Co as major compositions, while 12Cr steel is being currently used as a material of turbine rotor and blade of steam power plant. Filler material used in this study was Thyssen 617. Its chemical composition is similar to alloy 617. Mechanical properties and chemical compositions of alloy 617, 12Cr steel, and Thyssen 617 are illustrated in Tables 1 and 2 . Multi-pass direct current straight polarity (DCSP) tungsten inert gas (TIG) welding was carried out for multi-pass dissimilar material welding. Real time monitoring system was used to control welding conditions (electrode shape, electrode to workpiece distance, welding wave form, and welding heat input). Preliminary welding was performed under various welding parameters (i.e., current, voltage, welding speed, shield gas compositions, and flow rates) to determine optimum dissimilar material welding conditions. Obtained optimum welding conditions for dissimilar material are listed in Table 3 [18] . Since the out of plane thermal distortion is formidably caused by welding heat input during the multi-pass welding process, welding jigs were used to fix both ends of base metals to prevent out-of-plane thermal distortion. Multi-pass welding directions were parallel to the rolling direction. U-groove shape was machined for narrow-gap welding [19] . U-groove is economical, as it requires less filler metal, which results in less distortion and residual stress-related problems [20] . Figure 1 shows a welding specimen with U-groove and narrow gap. In the multi-pass welding process, the specimen was cooled down to be under 70 • C in the interval of every welding process. After finishing each pass welding, the ultrasonic testing was carried out following ASTM E164-13 standard to inspect weld defects of multi-pass welds. Real time monitoring system was used to control welding conditions (electrode shape, electrode to workpiece distance, welding wave form, and welding heat input). Preliminary welding was performed under various welding parameters (i.e., current, voltage, welding speed, shield gas compositions, and flow rates) to determine optimum dissimilar material welding conditions. Obtained optimum welding conditions for dissimilar material are listed in Table 3 [18] . Since the out of plane thermal distortion is formidably caused by welding heat input during the multi-pass welding process, welding jigs were used to fix both ends of base metals to prevent out-ofplane thermal distortion. Multi-pass welding directions were parallel to the rolling direction. Ugroove shape was machined for narrow-gap welding [19] . U-groove is economical, as it requires less filler metal, which results in less distortion and residual stress-related problems [20] . Figure 1 shows a welding specimen with U-groove and narrow gap. In the multi-pass welding process, the specimen was cooled down to be under 70 °C in the interval of every welding process. After finishing each pass welding, the ultrasonic testing was carried out following ASTM E164-13 standard to inspect weld defects of multi-pass welds. 
Numerical Analysis of Welding Residual Stresses
A seven-pass dissimilar material welded plate model shown in Figure 2 was used in this analysis. Its thickness, width, and weld length were 12.7, 300, and 300 mm, respectively. Threedimensional finite element models were used for both thermal and mechanical analyses with a heat source model. In this study, ramp heat source model was used. For welding, 8-node brick solid elements of type DC3D8 were used. Weld beads of the model represented the weld bead determined from the actual weld condition. Finer meshes were generated in weld metal regions to handle the greater nonlinearity and to obtain accurate results. The total number of elements and nodes were 221,760 and 474,012, respectively. Hyper-mesh ® (10.0, Altair, Troy, MI, USA, 2008) was used for mesh generation. ABAQUS (6.10, Dassault Systemes, Johnston, RI, USA, 2010) was employed for transient temperature and subsequent welding residual stress analysis. 
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Numerical Analysis Procedure
Uncoupled thermo-mechanical analysis was performed in this study as shown in Figure 3 [21] . Temperature distribution at the weld was analyzed first by thermal analysis. It was then used as input data for stress analysis. Some assumptions were taken into account in the process of thermalmechanical analysis. When performing the thermal analysis, the initial temperature of base and weld metal was assumed to be a room temperature (25 °C) . The conductivity and specific heat in the molten pool were assumed to be constant. Radiation and forced convection due to shielding gas flow were neglected. Since the temperature is very high in the molten pool, radiation and convection can influence microstructures and cooling rates in weld metal. Heat losses or gains from phase transformation were neglected. The volume change effect due to phase transformation was neglected in the stress analysis. Apart from these assumptions mentioned above, in thermal-mechanical analyses for dissimilar material welded model, influences of transient temperature field and temperature-dependent physical properties were considered as input data for accurate and reliable assessment of thermal analysis. When performing the stress analysis, mechanical and physical properties of yield stress, elastic and plastic modules, and thermal expansion coefficient were considered to be temperature dependent. However, mechanical properties were assumed to be constant above the melting point. The temperature dependency of Poisson's ratio was neglected. Physical and mechanical properties of Alloy 617 and 12Cr steel are given in Figures 4 and 5, respectively [22, 23] . 
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Uncoupled thermo-mechanical analysis was performed in this study as shown in Figure 3 [21] . Temperature distribution at the weld was analyzed first by thermal analysis. It was then used as input data for stress analysis. Some assumptions were taken into account in the process of thermalmechanical analysis. When performing the thermal analysis, the initial temperature of base and weld metal was assumed to be a room temperature (25 °C) . The conductivity and specific heat in the molten pool were assumed to be constant. Radiation and forced convection due to shielding gas flow were neglected. Since the temperature is very high in the molten pool, radiation and convection can influence microstructures and cooling rates in weld metal. Heat losses or gains from phase transformation were neglected. The volume change effect due to phase transformation was neglected in the stress analysis. Apart from these assumptions mentioned above, in thermal-mechanical analyses for dissimilar material welded model, influences of transient temperature field and temperature-dependent physical properties were considered as input data for accurate and reliable assessment of thermal analysis. When performing the stress analysis, mechanical and physical properties of yield stress, elastic and plastic modules, and thermal expansion coefficient were considered to be temperature dependent. However, mechanical properties were assumed to be constant above the melting point. The temperature dependency of Poisson's ratio was neglected. Physical and mechanical properties of Alloy 617 and 12Cr steel are given in Figures 4 and 5 , respectively [22, 23] . The element rebirth technique [24] was applied to simulate the multi-pass weld metal deposition effect. With this technique, elements simulating each weld pass were grouped at the model generation stage. During analysis, these element groups that presented weld passes were first removed and then reactivated at a specified moment to simulate a given deposition sequence of weld passes. When a group of weld elements were activated, specific initial temperatures were imposed at all nodes associated with the weld elements.
Heat Source Model for Numerical Analysis
In this study, the heat input model using ramp function as shown in Figure 6 based on the concept of Pavelic's disc model was employed [25, 26] . The element rebirth technique [24] was applied to simulate the multi-pass weld metal deposition effect. With this technique, elements simulating each weld pass were grouped at the model generation stage. During analysis, these element groups that presented weld passes were first removed and then reactivated at a specified moment to simulate a given deposition sequence of weld passes. When a group of weld elements were activated, specific initial temperatures were imposed at all nodes associated with the weld elements.
In this study, the heat input model using ramp function as shown in Figure 6 based on the concept of Pavelic's disc model was employed [25, 26] . In this case, the total amount of heat input is indicated as the combination of surface heat input and body heat input as shown in Equation (2):
where Q: total heat input Q S : surface heat input Q b : body heat input
The energy input per unit length (H, J/mm) can be shown as Equation (3):
v: welding speed (mm/s) Body heat flux (q b , W/mm 3 ) and surface heat flux (q s , W/mm 2 ) are indicated in Equations (4) and (5):
where b and L are geometrical parameters of weld bead [25] .
Experimental Analysis of Welding Residual Analysis
Experimental analysis was performed to calculate welding residual stresses and evaluate results of numerical analysis. In this study, a hole drilling method was used according to ASTM E837 [27] . RS-200 milling guide equipment shown in Figure 7a and strain rosette (Micro measurement Co., EA-06-062RE-120 type, Kyunggi, Korea) were used to measure residual stresses. We analyzed three points (5, 20 and 35 mm) apart from the weld center, respectively, on both sides as shown in Figure 7b . Surfaces of these specimens fabricated by the actual dissimilar material welding between alloy 617 and 12Cr steel were carefully polished to reduce surface roughness error. In this case, the total amount of heat input is indicated as the combination of surface heat input and body heat input as shown in Equation (2):
where Q: total heat input QS: surface heat input Qb: body heat input
v: welding speed (mm/s) Body heat flux ( , W/mm 3 ) and surface heat flux ( , W/mm 2 ) are indicated in Equations (4) and (5):
Experimental analysis was performed to calculate welding residual stresses and evaluate results of numerical analysis. In this study, a hole drilling method was used according to ASTM E837 [27] . RS-200 milling guide equipment shown in Figure 7a and strain rosette (Micro measurement Co., EA-06-062RE-120 type, Kyunggi, Korea) were used to measure residual stresses. We analyzed three points (5, 20 and 35 mm) apart from the weld center, respectively, on both sides as shown in Figure  7b . Surfaces of these specimens fabricated by the actual dissimilar material welding between alloy 617 and 12Cr steel were carefully polished to reduce surface roughness error. 
Results and Discussion
The fundamental goal of this study was to develop a reliable FEA model capable of predicting thermal history and residual stresses of dissimilar material weld with higher accuracy. Figure 8 shows comparative results obtained from the FEA developed in this study and experimental analysis. Both results showed quantitatively differences. However, qualitatively, they showed similar tendency. Quantitative difference was due to the fact that temperature-dependent physical properties were not taken into account or neglected by some assumptions. Welding residual stresses were predicted highly at HAZ on both sides of the weld. Residual stresses at the HAZ on the side of 12Cr steel alloy were higher than those of the alloy 617 side. This is due to the fact that Alloy 617 has higher thermal expansion coefficient than 12Cr steel, while thermal conductivity of alloy 617 is lower than that of 12Cr steel.
In longitudinal direction (along the welding direction), numerical peak stress value on the 12Cr steel alloy side was predicted to be 333 MPa. However, the experimental result showed a value of around 282 MPa. In transverse direction (perpendicular to the welding direction), numerical peak stress value on the 12Cr steel alloy side was predicted to be around 306 MPa. However, the experimental result showed a value of around 268 MPa. 
Fatigue Strength Assessment of Multi-Pass Dissimilar Material Welded Joint

Specimen and Test Procedure
Tensile and fatigue test specimens of the dissimilar material welded joint between Alloy 617 and 12Cr steel alloy were fabricated from seven-pass welded plate in accordance with ASTM-E8 standard [28] . Figure 9 shows test specimen configuration. Gauge length of the specimen included base metals (Alloy 617 and 12Cr steel), their HAZ, and weld metal. Tensile and fatigue strengths of dissimilar material welded joint were evaluated by using a material testing system (INSTRON 8801, LLC, Seoul Korea, 100 kN). Loading speed for tensile test was controlled by displacement of 1 mm/min. Fatigue tests were started from σmax = 690 MPa, corresponding to 90% of the static tensile strength (767 MPa) of a multi-pass dissimilar material weld between Alloy 617 and 12Cr steel. Tests were performed using a 10% load decreasing method until 10 6 cycles as illustrated in Table 4 . The fatigue load frequency was 10 Hz in sine wave. Load ratio (R = Pmin/Pmax) was 0.1. The load range was constant. 
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Specimen and Test Procedure
Tensile and fatigue test specimens of the dissimilar material welded joint between Alloy 617 and 12Cr steel alloy were fabricated from seven-pass welded plate in accordance with ASTM-E8 standard [28] . Figure 9 shows test specimen configuration. Gauge length of the specimen included base metals (Alloy 617 and 12Cr steel), their HAZ, and weld metal. Tensile and fatigue strengths of dissimilar material welded joint were evaluated by using a material testing system (INSTRON 8801, LLC, Seoul Korea, 100 kN). Loading speed for tensile test was controlled by displacement of 1 mm/min. Fatigue tests were started from σ max = 690 MPa, corresponding to 90% of the static tensile strength (767 MPa) of a multi-pass dissimilar material weld between Alloy 617 and 12Cr steel. Tests were performed using a 10% load decreasing method until 10 6 cycles as illustrated in Table 4 .
The fatigue load frequency was 10 Hz in sine wave. Load ratio (R = P min /P max ) was 0.1. The load range was constant. 
Calculation of Stress Range Considering Welding Residual Stresses
For the appraisal of stress range, a technique was published by Bae et al. that incorporated welding residual stresses [17] . They used modified Goodman equation to calculate stress range by taking welding residual stresses into account. Maximum stress (σmax) values were taken from Table  4 . Minimum stress (σmin) was calculated using Equation (6):
Equation (7) represents the Goodman equation used to measure the stress range without considering welding residual stresses σ + σ = 1
where σ (stress amplitude) = ; and σ (mean stress) = σ + σ 2
Se: fatigue strength Su: ultimate strength
The proposed modified Goodman equation taking into account the welding residual stresses can be represented as Equation (8):
where σa-r is the stress taking into account the welding residual stresses. It can be calculated by using Equation (9): Figure 10 shows the relationship between the stress (σ) and the fatigue life (Nf) of a dissimilar material multi-pass welded joint between alloy 617 and 12Cr steel. Fatigue tested specimens mostly failed at HAZ of 12Cr steel alloy as shown in Figure 11 , even though welding residual stresses were reduced during machining for specimen fabrication. This might be due to higher welding residual 
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Calculation of Stress Range Considering Welding Residual Stresses
For the appraisal of stress range, a technique was published by Bae et al. that incorporated welding residual stresses [17] . They used modified Goodman equation to calculate stress range by taking welding residual stresses into account . Maximum stress (σ max ) values were taken from Table 4 . Minimum stress (σ min ) was calculated using Equation (6):
Equation (7) represents the Goodman equation used to measure the stress range without considering welding residual stresses σ a S e + σ mean S u = 1
where σ a (stress amplitude) = σ max − σ min 2 ;
and σ mean (mean stress) = σ max + σ min 2 S e : fatigue strength S u : ultimate strength
where σ a-r is the stress taking into account the welding residual stresses. It can be calculated by using Equation (9):
4.3. Results and Discussion Figure 10 shows the relationship between the stress (σ) and the fatigue life (Nf) of a dissimilar material multi-pass welded joint between alloy 617 and 12Cr steel. Fatigue tested specimens mostly failed at HAZ of 12Cr steel alloy as shown in Figure 11 , even though welding residual stresses were reduced during machining for specimen fabrication. This might be due to higher welding residual stress distribution as compared to those of alloy 617, and the metallurgical microstructure and composition changes during multi-pass welding heat cycle [18] .
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Conclusions
In this study, we investigated residual stresses of multi-pass dissimilar material welded joint both experimentally and by numerical simulation. Fatigue life assessment of the dissimilar material welded joint was also carried out. Our conclusions are summarized in the following:
(1) Welding residual stresses at the weld of dissimilar welded joint distributed complicatedly on longitudinal and transverse directions. Results of numerical and experimental analysis showed a good agreement qualitatively. (2) Numerical and experimental peak values of welding residual stresses at HAZ of the weld on the 12Cr steel side were predicted to be 333 and 282 MPa HAZ, respectively. (3) The low fatigue limit of dissimilar material welded joint was assessed to be 306.8 MPa, which was 40% of tensile strength (767 MPa). (4) Stress range values without including welding residual stresses were 14% higher than those calculated by including the effect of residual stresses. Ennis 
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